Background: In ecosystem carbon cycle studies, distinguishing between CO 2 emitted by roots and by microbes remains very difficult because it is mixed before being released into the atmosphere. Currently, no method for quantifying root and microbial respiration is effective. Therefore, this study investigated the relationship between soil respiration and underground root biomass at varying distances from the tree and tested possibilities for measuring root and microbial respiration. Methods: Soil respiration was measured by the closed chamber method, in which acrylic collars were placed at regular intervals from the tree base. Measurements were made irregularly during one season, including high temperatures in summer and low temperatures in autumn; the soil's temperature and moisture content were also collected. After measurements, roots of each plot were collected, and their dry matter biomass measured to analyze relationships between root biomass and soil respiration. Results: Apart from root biomass, which affects soil's temperature and moisture, no other factors affecting soil respiration showed significant differences between measuring points. At each point, soil respiration showed clear seasonal variations and high exponential correlation with increasing soil temperatures. The root biomass decreased exponentially with increasing distance from the tree. The rate of soil respiration was also highly correlated exponentially with root biomass. Based on these results, the average rate of root respiration in the soil was estimated to be 34.4% (26.6~43.1%). Conclusions: In this study, attempts were made to differentiate the root respiration rate by analyzing the distribution of root biomass and resulting changes in soil respiration. As distance from the tree increased, root biomass and soil respiration values were shown to strongly decrease exponentially. Root biomass increased logarithmically with increases in soil respiration. In addition, soil respiration and underground root biomass were logarithmically related; the calculated root-breathing rate was around 44%. This study method is applicable for determining root and microbial respiration in forest ecosystem carbon cycle research. However, more data should be collected on the distribution of root biomass and the correlated soil respiration.
Background
Understanding the forest carbon cycle is basal to elucidating the global carbon cycle scientifically. In forests, carbon absorbed into the ecosystem from the atmosphere is processed in several nutritional steps, and a large amount of carbon is returned to the atmosphere in the process. Quantitative analysis and understanding of the circulation and storage are also fundamental to understanding the material cycle of ecosystems (IPCC 2007; Lee et al. 2017) .
In estimating the net amount of carbon fixed in plants, quantifying carbon released from the underground parts is unproblematic because carbon from emission sources other than the plant can easily be distinguished. However, carbon is also released from the ground by microbial respiration processes in the soil. It is technically difficult to separate these two components of respiration (Hanson et al. 2000) , but to do so is of the utmost importance as the two fluxes vary dynamically. The two components of soil respiration are controlled by the supply of different C sources, dead organic matter (OM) and plant photosynthates, which may respond differently to variations in soil temperature (Boone et al. 1998 ).
This estimation is necessary for understanding the amount of carbon transported by producers and consumers at the ecosystem level to gain insight into the flow and storage at each nutritional level. In addition, estimating the input of atmospheric carbon into the ecosystem and its properties, including the flow through the ecosystem and the amount returned to the atmosphere, is the most basic data required for understanding the characteristics of the ecosystem's material cycle and energy flow. Kucera and Kirkham (1971) reported that soil respiration increases with increasing root biomass and that root respiration accounts for 40% of total soil respiration; Chapman (1979) gave a value of 70% and Wang et al. (2009) reported about 40%, while Coleman (1973) reported only 3~9%. In Korea, Son and Kim (1996) reported about 3% in a forest consisting of pitch pine (Pinus rigida Mill.) and Japanese larch (Larix kaempferi), and Lee et al. (2012) reported about 33.3~67% in Quercus acutissima Carruth. forest. This large variation in the estimates of root respiration is a very big problem in understanding the carbon cycle of ecosystems.
The major research methods for measuring the respiration rate of the different sources in the soil are the following: (1) After dividing the roots into classes of varying thickness, directly measure the volume of roots in each category that are inserted per unit area in the soil layer (Vose and Ryan 2002) . (2) A method has been proposed in which a certain area of a plot is isolated by digging a trench to the depth to which the roots extend and installing a root penetration prevention plate so that new roots cannot pass. This is a method to measure the respiration volume of an undisturbed area over a short period (trenching method, Hanson et al. 2000; Ryan and Law 2005; Lee et al. 2017; Lamberty et al. 2004; Kuzyakov and Larionova 2005) . (3) The isotopic method , in which the ratio of CO 2 isotopes generated from soil is analyzed, allowing the amount of respiration for each source to be calculated. However, despite these efforts to quantify the amounts of each biological element in the soil, no method has solved the issue. In conclusion, determination of the root respiration in soil is still dependent on rough estimates.
The purpose of this study was to investigate the relationship between the biomass of roots and the level of soil respiration at the base of trees in addition to comparing the various methods applied in the past and the possibility of applying them here. The distribution characteristics of the root biomass and the root respiration values at various distances from the base of the tree were therefore collected and analyzed.
Methods
This study was carried out on young seedlings of maple (Acer palmatum) in Korea's central area (N 37°25′82″, E 122°05′ 36″), which had remained undisturbed for about 40 years. The trees grow in an area with reddish-brown forest soil and are spaced at more or less regular intervals. There is almost no gravel in the soil, and the development and distribution of the roots was relatively homogeneous.
Soil homogenization was performed between the measurement points to regularize the soil microbial respiration rate according to the distance to the trees. First, we removed organic matter and soil from the surface to a depth of 5 cm, replacing this layer containing high organic matter with homogeneous soil taken from the surrounding soil at a depth of about 30 cm.
Soil respiration was measured by the closed chamber method (Suh et al. 2006) . Seven acrylic collars (diameter 16 cm) were installed at regular intervals of 50 cm at distances of 120 to 420 cm from the tree base. Collars were fixed by inserting them up to a depth of 5 cm. During the measurement period, litter that could affect the respiration rate, such as leaves and twigs, was removed from the collar at any time to keep the soil organic matter homogeneous. The measurement point at 420 cm, where no roots are present, was set as the control to assess pure heterotrophic respiration. Also, it was used to calculate the ratio of root respiration to soil respiration.
Soil respiration was measured using a closed chamber cap of about 15 cm height that was installed with a CO 2 sensor (GMP343, Vaisala, Finland) at the top inside. When the chamber cap was installed onto the collar top, the CO 2 concentration in the closed space between the ground and the chamber cap increased with time. The rising rate of the CO 2 was calculated taking several parameters, such as air temperature, atmospheric air pressure, and closed chamber volume, into account.
The soil respiration (R s ) was collected at irregular times for a month from summer to autumn and was calculated using the following equation:
where a is the rate of increase of the CO 2 (ppm min − 1 ), ρ is the CO 2 density (mg m − 3 ), V is the collar volume (m 3 ), and S is the soil area (m 2 ). In addition, soil temperature, air temperature, and soil moisture (CS615, Campbell Scientific, Logan, UT, USA) were recorded when soil respiration was measured; atmospheric pressure data, from the Korea Meteorological Administration (Seoul, Korea), were also used.
After collecting soil respiration data from the field, all roots were collected from a 30 × 30 × 30 cm 3 volume at each measurement point and were dried at 80°C for 48 h or more. At the same time, soil was collected from each point at depths of 5 and 30 cm and organic matter content was analyzed by the ignition loss method.
Results

Temperature and soil moisture environment
The average monthly ground temperature in the measurement period is shown in Fig. 1 (Fig. 1a) and is similar to that in the central part of the Korean Peninsula. In addition, the difference in soil temperature between the measuring points was less than 1°C, indicating that there is no significant impact of temperature on the size of soil respiration.
On the other hand, soil moisture content showed relatively large differences during the summer season. On August 15, the difference between the measuring points was about 7.8%, ranging from a minimum of 25.3% to maximally 33.1%; between August 15 and 30, the moisture content ranged from 27.3 to 37.0%, i.e., a difference of about 10%. This period falls in the summer raining season during which rainfall is concentrated in the monsoon region. However, these differences were significantly reduced to 3.3% on October 15, in autumn's dry season (Fig. 1b) .
Overall, soil temperature showed a distinct pattern of seasonal variation, and soil moisture content was high in summer when rainfall is high and vice versa in the winter season, demonstrating the general changes in temperature and soil moisture content of monsoon regions.
Soil respiration Seasonal aspect of soil respiration
Soil respiration, measured from the high-temperature season of summer to the low-temperature season of autumn, showed typical seasonal changes during the measurement period, being high in summer and low in the fall. Soil respiration peaked from the beginning of August to September and then began to decrease until the end of October. During the measurement period, soil respiration generally showed a change from high to low values with varying soil temperatures (Fig. 2a) .
The seasonal change of soil respiration was highly related to changes in soil temperature in all measurement (a) (b) Fig. 2 Changes in the relationship between soil respiration (R s , a) and soil temperature (T s , b) in each measurement plot plots. The R 2 value for the regression between soil temperature and respiration was very high for each measuring point, from 0.90 to 0.98. Averaging over all season and all points, the R 2 value was 0.94, which is a very high value (Fig. 2b) . This is a general tendency for temperate zones during the monsoon season, indicating that the study site shows soil respiration characteristics that are typical for the ecosystem and that the measurement point is a very suitable place to collect data for the purposes of this study.
Tree position and soil respiration
In general, as the distance from the base of the tree increases, soil respiration (Fig. 2a) , respectively: results at other measurement times were similar (Fig. 2a) . In general, the difference between soil respiration was shown to be high in periods of high temperature and small at low temperatures.
As a result, although there were slight variations due to soil temperature decreases, the tendency of the soil respiration value to decrease from high to low as distance increases from the base of the tree was very clear.
Root biomass distribution
The distribution of root biomass with increasing distance from the tree is shown in Fig. 3 . As shown, as the distance from the tree increases, the root biomass tends to decrease exponentially. At 120 cm from the tree, it was 1712 g per 0.027 m 3 , but at 170 cm, it dropped to 1120 g, which was 65.4% of the value at 120 cm. At 220, 270, 320, 370, and 420 cm, it was 780 (45.6%), 460 (26.9%), 102 (5.9%), and 11 g (0.6%), respectively. The root biomass (y) tends to decrease exponentially with increasing distance from the tree (x), according to the function (y) = −1437ln(x) + 8530.3 (R 2 = 0.98). No roots were collected at 470 cm, the measuring point farthest from the tree, and soil respiration originated solely due to microbial respiration at this point.
Relationship between root biomass and soil respiration
The relationship between the root biomass of the tree and soil respiration is shown in Fig. 4 . As shown, there is a very high correlation between root biomass and soil respiration. This relationship showed that soil respiration (y) is very highly exponentially correlated (R 2 = 0.80) with root biomass (x): y = 101.36ln(x) + 419.1. Soil respiration showed a tendency to increase rapidly with root biomass starting at the point where the roots began to appear. On the other hand, the soil respiration at 420 cm, where no roots were collected at our site, was regarded as pure microbial respiration. Using this assumption, we calculated how much of the value remained after subtracting the soil respiration at 420 cm from the soil respiration value recorded at each measurement point (Fig. 5) . These results indicate the proportion of root respiration in the total soil respiration at each measurement point. The highest value was found at 120 cm at 43.1% and decreased to 32.9%, 28.9%, 40.5%, and 26.6% at 170, 220, 270, and 320 cm, respectively. Overall, the average value was 31.1%, excluding the value at 370 cm, where few roots were observed.
The relationship between root respiration and root biomass as shown in Fig. 6 , as well as the change in root respiration for soil respiration, showed that the root biomass per unit weight tended to decrease highly toward the base part. In the point of 370 cm from the base, the ratio of root respiration per unit root weight was 7.03, but it was 2.42 at 320 cm and 0.69 at 270 cm (Fig. 6) . Also, it was shown relatively low and similar values ranged from 0.49 to 0.36 in 220 cm to 120 cm.
Discussion
The seasonal variation of the soil temperature was significantly higher during the summer season than during autumn; the average was 24.4°C in summer and 16.3°C in autumn (Fig. 1a) . The difference between measurement plots was very small. Therefore, the difference in 
Ratio of Rr to Rm
Distance from tree (cm) Fig. 6 The ratio of root respiration (R r ) to root biomass (R m ) calculated from the relationship between soil respiration and root biomass temperature between measurement points was not considered to be a factor affecting soil respiration. In general, in spatially small-range studies, the difference in soil temperature is not significant and does not significantly affect the difference in soil respiration between measurement points. However, seasonal changes in the soil temperature are significant and affect soil respiration (Meentemeyer 1984; Eom et al. 2018; Jeong et al. 2017 ). However, possibly, soil moisture was slightly influenced by the measurement time, ranging from a low of about 25.3% to a high of 34.1%, i.e., a difference of 8.8%, which affected soil respiration (Klimek et al. 2009; Xu and Qi 2001; Suh et al. 2009 ).
As shown in Fig. 1b , soil moisture tends to increase with distance from the trees, probably due to drying as a result of soil moisture absorption by roots. This tendency showed a sharp increase between 220 and 270 cm, which is where the thick roots near the tree base are replaced by relatively thin roots. However, whether the difference in soil moisture is caused by the amount of root distributed at the measurement point or by a difference in the proportion of coarse and fine root was determined to be by the latter (Boone et al. 1998) .
As a result, the soil temperature and soil respiration showed a clear seasonal change from a high value in summer to a low value in autumn (Fig. 2a) . In addition, soil respiration differences between measurement points showed a tendency to be relatively larger at high than at low temperatures. The range of seasonal variation of the soil respiration increased when coming closer to the tree, and the range decreased with distance from the tree. This means that the closer to the base, the more sensitive soil respiration is to temperature changes, while it becomes less sensitive to temperature changes with increasing distance from the base ( Fig. 2a ; Bond-Lamberty et al., 2004a, b) .
On the other hand, the distribution of root biomass with distance from the tree was highest near the tree's base and decreased exponentially with increasing distance from the tree (Fig. 3 , Pregitzer et al. 1998; Dannoura et al. 2008; Cairns et al. 1997) .
These results indicate that the root biomass at the tree base decreases very steeply with increasing distance from the base. This exponential distribution of roots induces a difference in the distribution of resources such as water and minerals in the soil used by the tree and is considered to affect the distribution and activity of symbiotic and non-symbiotic organisms living in the soil. The distribution characteristics of these roots, shown in Fig. 4 , display a very high correlation with soil respiration.
In this study, the soil respiration value (y) was analyzed to increase with the amount of root (x) as y = 101.36ln(x) + 419.1 (R 2 = 0.93). This high correlation can be interpreted as a sign that plant roots have a clear influence factor on the value of the soil respiration. The relationships between soil respiration and root biomass and root respiration, respectively, adjusted for microbial respiration at the points not containing roots, are shown in Figs. 4 and 5. The ratios are 26.6% and 43.1%, respectively. The mean value is 34.4%, which is within the range suggested in previous studies, and the method proposed in this study is suitable for estimating root volume by soil respiration (Kucera and Kirkham 1971; Chapman 1979; Coleman 1973; Son and Kim 1996; Lee et al. 2012) . However, since the tree size in this study is very limited, more research will be necessary, including the collection and analysis of additional data on different tree species, tree sizes, and cluster densities.
Most especially, there have been many papers that show fine roots are very dynamically affected in the carbon cycle of soils (Lee and Jose 2003; Tufekcioglu et al. 1998; Fisk et al. 2004 ). In fact, in this study, the root respiration according to the increase of the distance from the tree base was higher at the far position than near the base (Fig. 6 ). This may be due to the fact that the respiratory activity of fine root is relatively very higher than that of thick root. Therefore, it is very important to understand the composition characteristics of root sizes in addition to the distribution of root biomass according to the size of trees (Paterson et al. 2008 ).
Conclusion
It is very difficult to distinguish among soil respiration, root respiration, and microbial respiration in the forest ecosystem's carbon cycle. Various classification methods have been attempted to distinguish them, but a clear and easily applicable method has not been established yet. In this study, we attempted to determine the root volume by analyzing the distribution of root biomass and the change in soil respiration according to the distance from the base of the tree. The results showed that the underground distribution of the roots of trees showed a tendency to decrease exponentially with increasing distance from the base of the trees and to decrease with increasing distance.
Also, soil respiration and root volume were logarithmically related, and the proportion of root respiration rate in soil respiration was calculated to be about 34.4%. This proportion was obtained from a limited number of samples, and it is necessary to verify its accuracy. However, considering that the purpose of this study was to examine whether the new classification method is applicable, if additional research confirms the results, it may be considered to be highly so. 
